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Abstract: The main aspiration of this paper is to improve the efficiency of Solar
Photovoltaic (SPV) power system with a new Hybrid controller for standalone/
isolated Solar PV applications is proposed. This controller uses the merits of both
Adapted Neuro-Fuzzy Inference System (ANFIS) and Perturbation & Observa-
tion (P&O) control techniques to concede rapid recovery at dynamic change of
environment conditions such as solar irradiation and temperature. The ANFIS
strategy itself has the merits over Fuzzy Logic and ANN methods. Conversely,
P&O has its simplicity in implementation. Hence a case study for rapid recovery
with the proposed controller and conventional P&O control strategy is carried out
in this work. A SPV Module is associated to a load resistance with an interface of
DC-DC step-up converter. A pattern of solar irradiation comprises of different sta-
tic, dynamic, slow but sure increase with positive and negative slope are applied
to the system and the response is observed. The proposed method is having the
benefits of both P&O and ANFIS respectively to get better results on rapid change
over conditions. The performance comparison of various MPPT algorithm of
existing methods. The outcome demonstrates that the proposed hybrid-controller
converges so rapid than the conventional P&O controller at dynamic situations
and obeys at static and gradually varying environment conditions.

Keywords: Neuro-fuzzy; P&O; ANFIS algorithm; hybrid controller; MPPT; soft
computing

1 Introduction

Renewable electricity from Solar Photovoltaic (SPV) is the most ecological type of electricity to use.
The energy from the sun can be used for many purposes like evaporation of water main to rain, advent of
rivers and photosynthesizing plants. Sooner or later negligible small fraction of power can be used for
conversion of electricity to electric strength. Lights, radio, TV, refrigeration, water pumping, water
desalinization, water purification, PV for schools are the applications of isolated or stand-alone PV
system and it was carried for single panel only. The large rating of plant based testing is necessary [1,2].

A Solar PV system converts sun energy in the structure of irradiation and temperature into electrical
energy. Even though Solar PV system has its own drawbacks of high installation cost, low efficiency rate
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of 9% to 17% and nonlinear characteristics with the variation in environmental condition like temperature
and irradiation variations, it has been extensively used all over the world due to its advantages like cost
of low maintenance, nature of no moving or rotating parts in its systems, pollution free nature,
availability of sun light, price reduction in recent years and degradation of fossil fuel. The tracking factor
of the proposed system, is less than the Beta method [3,4]. Depending upon the working environment,
the electrical behavior of the SPV power system can be improved. For the efficient employment of Solar
Energyin PV system Maximum Power Point Tracking (MPPT) is incorporated with the converters.
Adjustment of Load-line, under unsteady climatic condition is the key factor to track highest power,
which can be obtained by different techniques. If the PV system is directly connected to the load, the
MPP will not be operated in maximum time and away from the MPP, it obeys the inter-section of
1–5 curve with the load-line.

In order to follow the MPP, usually a PV source is connected between DC-DC converter or dc to ac
converter and the load or batteries which will control the MPP. Unless the MPPT system reaches the Peak
point, it will change input impedance and duty-cycle. The microcontroller was implemented in this
system to controlling the performance which provide less performance than other controller [5–7]. The
converter with appropriate control techniques acts as load matching circuit to draw the peak power from
PVArray. So many control techniques have been proposed in the past two to three decades to track MPP.
In the category of conventional control strategy, P&O and Inc-Conductance methods have come; benefits
of these methods are less expensive and less difficulty in implementation and also the tracking energy
loss in higher in the implemented method which the drawback of the system [8–10]. Bio-inspired and
Artificial-Intelligence (AI) techniques such as GA, PSO Fuzzy and ANN are under the category of SOFT
computing methods [11]. Quick response and more precision are the merits of Fuzzy but rules making in
it is challenging task and make matters worse in practice [12]. The expenses of temperature and
irradiation sensors are high and the necessity of high information about parameters of SPV is the
drawback of ANN [13–15].

Another category is Hybrid control where two or more combination of the above two category
effectively engaged. P&O with multi-layer ANN is presented in [16]. The step size of the P&O is
optimized by ANN but the demerit is complexity in collection of training datasets. Modified IC with
ANN is proposed in [17]. Under various climatic conditions the ANN initiates the tracking process by
providing VMPP, subsequently IC tracks the MPP. The usage of environmental sensors is the drawback in
this method. PSO with Fuzzy is another combination, where PSO optimizes the membership function of
fuzzy that tracks MPP. Tracking under low radiation is poor and rapid changing climatic conditions are
not considered in [18].

In reference [19], GA with fuzzy is considered. Fuzzy tracks MPP, GA optimize fuzzy rules.
Computation difficulty is high and fast changing condition’s not considered. ANFIS is additionally a
counterfeit insightful strategy which consolidates the benefits of both FL and NN. It has less settling
time, less over shoot. But it needs more numerical parameters for training the system process accordingly
for accurate results and it is tough to get those parameters practically [20–22]. To track the MPP of a PV
module under rapidly changing solar irradiation levels, an incremental conductance algorithm is
proposed. The conventional algorithm’s confusion is discussed, and modifications are proposed to reduce
the inaccurate response. As a result, it is simple to implement using a low-cost microcontroller, increasing
the likelihood that the method will be used in real PV power generation systems. It achieved 0.30 s of
tracking time but contain oscillation [23,24].

In this context, a new hybrid control method that combines both P&O and ANFIS is presented. It could
never be easy to ignore the simplicity of implementation in P&O and accuracy, rapid recovery in ANFIS.
Moreover, for small scale PV system environmental sensors has to be avoided for making it less
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expensive. In the proposed method, only one current sensor is sufficient, voltage can be measured by
potential divider method. Hence a study of comparison is carried out in this work for P&O and proposed
control strategy. The proposed method is having the benefits of both P&O and ANFIS respectively to get
better results on rapid change over conditions. The performance comparison of various MPPT algorithm
of existing methods is given in Tab. 1.

2 Modeling of PVArray

The main purpose of modelling an electrical circuit is to follow the circuit’s electrical behaviour so that it
may be used with tools like MATLAB/Simulink. A PVunit has two types of resistance: series resistance (Rs)
and parallel resistance (Rsh).

The term ‘Rs’ refers to the occurrence of current path losses caused by metals and contacts in the grid
and the bus for current collection. The term ‘Rsh’ refers to an un-ideal p-n junction, which causes a parallel
resistive-path leakage within the device. Fig. 1 depicts the equivalent circuit model of a PV module, which
consists of a diode, an ideal current source, and series and parallel resistance.

The PV Module is mathematically modeled from Eqs. (1) and (2),

Module photo-current:

Iph ¼ ½ISCr þ KiðT � 298Þ� � �=1000 (1)

Table 1: Comparison of various existing MPPT techniques

MPPT method Convergence time (ms) MPPT efficiency (%) Drawback

OCV 82 83 Low accuracy

SCC 300 89 Long convergence time

Fuzzy Logic 60 96 Long convergence time

P&O fixed step size 76 88 Occur oscillation

P&O variable step size 15 96 Less MPPT efficiency

Dynamic P&O 1600 99.2 Long convergence time

Adaptive P&O 30 98.76 Occur oscillation

ANFIS 12 99.4 Under dynamic response

IC 30 97 Occur oscillation

R s

R sh

D

I o

I ph
I pv

Load

+

-

Figure 1: Equivalent circuit of a PV module
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The PV module output current is,

IPV ¼ NP � IPh � NP � Io exp
q � ðVPV þ IPVRsÞ

NSAkT

� �
� 1

� �
(2)

where,

Vpv is the open circuit voltage, Np is taken as 1 and Ns is 36 for this module.

2.1 Module-Model of Reference

37 W Solkar made PV module-model is taken as module-model of reference for MATLAB/Simulink
simulation and the panel ratings are given in Tab. 2.

2.2 Methodology

The PV modules are persistently utilized with DC-DC converters to acquire the supreme power point.
The MPPT associating the PV module to the load is appeared in Fig. 2. The MPPT comprises of DC-DC
converter, a controller and load. The PV module’s output is associated with the converter and the
converter’s output is associated with a resistive Load. DC-DC step-up/boost converters are frequently
applied in SPV power systems to step-up the voltage from module side to load side. Hence, this
converter is employed for the design of MPPT controller. The PV module’s output is connected to the
converter and the converter’s output is connected to an R-Load.

Table 2: Electrical specifications of BPSX 37 W PV modules

Parameter Value

Power (Rated)
Voltage @ max-power (Vmp)
Current @ max-power (Imp)
Voltage @ open-circuit (VOC)
Current @ short-circuit (Isc)
No-of-cells connected in-series (Ns)
No-of-cells connected in-parallel (Np)

37.08 W
16.56 V
2.25 A
21.24 V
2.55 A
36
1

Figure 2: System configuration
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The duty ratio (D) provided by the controller needs to track the highest power at that instant. The
controller switches the boost converter switch ON and OFF to carry out the Pmax from the PV. A
MOSFET is taken as a power electronic switch here. When the MOSFET is switched ON (mode1) the
current through the inductor increases in a linear manner, so the diode is in the OFF state. However,
when the switch is in off condition (mode2) the energy stored in the inductor is allowed to pass through
the diode to the load. The pulsating DC current created by the switching process is smoothened by the
capacitive filter and comparatively a pure dc voltage is given to the load.

2.3 Design of Boost/Step-Up Converter

Fig. 3 consists of an input DC voltage source (Vs), boost inductor (L), switch of control (S), diode (D),
capacitor filter (C), and resistive load (R).

DC voltage gain (Mv) of this step-up converter is in Eq. (3),

Mv ¼ Vo

Vs
¼ 1

1� D
(3)

where, Vs is input voltage, Vo is output voltage and D is the duty ratio of the PWM signal. The electronic
components designed values that are engaged in this simulation work is tabulated in Tab. 3.

The step-up converter operates in the incessant conduction form and inductance ‘L’ value is to be greater
than Lb,

Lb ¼ ð1� DÞ2DR
2f

(4)

where, Lb is the smallest value to be in continuous transfer mode [25,26]. The lowest value of capacitor filter
that will provide the output DC load current, when the diode D [27] is off is given by Cmin. The lowest value

+

-

L D

Vs S C Vo

I oI L

+ VL
+-

ICis

Figure 3: Configuration of DC-DC step-up converter

Table 3: Design values of Dc-Dc step-up converter

Description Rating

Inductor 1500 μH

Capacitor 30 μF

Resistive load 50 Ω

Switching frequency 45 kHz
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of the filter capacitance is given by

Cmin ¼ DVo

VrRf
(5)

3 MPPT Control Scheme

To receive maximum power, the MPPT has to give proper load for any external climatic conditions.
DC-DC converters must be employed to modify the impedance of a source circuit [28–31] to the load circuit.

3.1 Perturbations and Obervation

The impedance matching of source to load can be done by MPPT, which changes the duty cycle of the
converter thereby resulting in maximum power transfer to load. The V-I curve varies with external conditions
such as irradiation and temperature. As a result, it is not possible to fix the duty cycle for the aforementioned
conditions. The MPPTAlgorithm [32] is in charge of keeping the operating point at its maximum under those
conditions.

Fig. 4 depicts the flow chart of the P&O control method. Because of its simplicity, this method is widely
used. This method allows for a small disturbance in the duty cycle as the power increases and decreases. The
current and voltage has been taken as the two input parameters the power is been calculated at that occasion
and compared with previous instant accordingly.

Figure 4: Flowchart of P&O MPPT controller
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The instant power is calculated using Eqs. (6) and (7):

PðņÞ ¼ VðņÞ�IðņÞ (6)

Pðņ� 1Þ ¼ Vðņ� 1Þ�Iðņ� 1Þ (7)

where,

P(ņ) & P(ņ−1) are the PV power at instants ņ and (ņ−1)

V(ņ) & V(ņ−1) are the PV voltage at instants ņ and (ņ−1)

I(ņ) & I(ņ−1) are the PV current at instants ņ and (ņ−1)

The voltage and current measured at equal interval of time period and the power is manipulated along
with each instants. The change of power ‘delta P’ is deliberated from the difference of present and previous
instant powers. Similarly the change of voltage ‘delta V’ is calculated from the difference of present and
previous instant voltages. The rules of control action are shown in Tab. 4.

3.2 Proposed Scheme

A Conventional P&O has the merit of easy implementation, but at sudden change in environmental
conditions, the P&O fails to recover immediate response. ANFIS has the capability of fast recovery. This
property is incorporated with P&O and is proposed here. The Proposed control scheme is depicted in
Fig. 5 and the ANFIS block diagram is shown in Fig. 6 which are the parameters in MPPT controlling
circuit and controlling algorithm and the ANFIS sample data pairs are tabulated in Tab. 5. The below
four steps elaborates the working principle of the proposed scheme.

Step-1: In the proposed controller electrical parameters of PV side, current and voltage are taken as
inputs. The values of voltage (V), current (I) for the instants n, (n−1) are measured from the results
power (p) at instants n, (n−1) calculated.
Step-2: Instant power change ‘ΔP’ is checked if it is greater than the minimum set value ‘μP’. This μP
value is set by the user according to their system requirements. In this case, a minimum change of
Irradiation (say 50 W/m2) is set to be ANFIS alert.
Step-3: Whenever the system reaches positive or negative set value that is modulus value greater than
‘μP’ changes, the controller switches ANFIS to carry out the work for producing ‘ΔD’. This ‘ΔD’ is
added with previous ‘D’ whether it is positive or negative is not considered here and this helps with
fast recovery.
Step-4: In case of constant or gradual variation in insolationss, that is less than set value ‘μP’ this
controller employs conventional P&O operation and is discussed earlier.

In different weather conditions (G and T), the maximum power (Pmax) values are obtained by proper
modeling of the PV circuits. With proper load matching technique, these Pmax values are engaged to

Table 4: Rules of P&O action control

Case ΔP ΔV ΔD

1 Positive Positive Negative

2 Positive Negative Positive

3 Negative Positive Positive

4 Negative Negative Negative
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calculate the duty cycle (D) accordingly. After this process ‘ΔP’ and ‘ΔD’ pairs of around 2304 are utilized
for training process and 289 pairs are engaged for checking process all parameters are derived from the
necessary circuit behaviors. From that almost 13% of data pairs were engaged for checking process.

The sample data pairs of ‘ΔP’ and ‘ΔD’ for training process is tabulated in Tab. 4. From this data pairs,
ANFIS is trained and FIS is created. This is a Sugeno type model and is having one input as ‘Delta P’ and one
output as ‘Delta D’. In addition, nine rule bases and nine input membership functions are there. And also the
number of rules depend on the number membership functions used in the proposed method.

The training error when the data pairs are trained is depicted in Fig. 7. The error value of 0.0517 after
1000 epochs is reached. The training data and trained FIS output is plotted in Fig. 8. The required basic
information of ANFIS system is tabulated in Tab. 6. The Input, “Delta P” is plotted against degree of
membership function and is depicted in Fig. 9a.

Figure 6: ANFIS block diagram

Figure 5: Proposed control scheme
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There are nine triangular membership functions employed here. It contain only straight lines for
simplicity and the triangle represent the degree numbers while other membership function like trapezoidal
represent in intervals. So the performance of triangular membership function is simple and more efficient
than other membership function. The Degree is maintained from 0 to 1. The x-axis is “Delta P” that

Table 5: ANFIS sample data pairs

Sample No. ΔP ΔD

1 −31.6995 −0.44262

2 −30.9813 −0.43794

3 −30.26 −0.43175

4 −29.7956 −0.43239

5 −29.7891 −0.43239

6 29.38208 0.432391

7 29.44849 0.364625

8 29.80926 0.431746

9 30.5538 0.437944

10 31.29616 0.442624

Figure 7: ANFIS training error

Figure 8: ANFIS training data and FIS output
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varies from +32 w to −32 w. ANFIS two-dimension surf-view against ‘ΔP’ and ‘ΔD’ are plotted in Fig. 9b.
Whenever delta P increases delta D increases similarly whenever delta-P decreases delta D decreases.

Table 6: ANFIS parameter details

Description Numbers

Nodes 40

Linear-parameters 9

Non-linear parameters 27

Total (number) parameters 36

Training data-pairs 2304

Checking data-pairs 289

Fuzzy-rules 9

Figure 9: (a) ANFIS input membership function (Delta P) and (b) ANFIS surf-view
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4 Simulation Results and Discussions

Solkar made 37 w PV module electrical parameters are used to simulate the PV model. The voltage
against current curves (I-V plot) and voltage against module generated power curves (P-V plot) for
different irradiation at 25°C are simulated and is shown in Figs. 10a and 10b. Practically, In Indian
environmental conditions, there will not be high dynamic change in temperature (T) but there will be
dynamic change in irradiations. Hence to emulate this condition a pattern of insolation (G) having
gradual increase considered for test condition and temperature is kept as 35°C in this case, that is day-to-
day value. The proposed ANFIS adopted P&O based hybrid-controller and P&O controller both are
employed for the above said patterns and the Duty Cycle variations are plotted in Fig. 12a. Whenever
positive or negative sign dynamic change arises, hybrid-controller employs ANFIS otherwise P&O is
called. Due to the increase in change of power and the reach of set value, the hybrid controller senses the
change and operates accordingly.

Solar irradiation with different nature of pattern is plotted in Fig. 11. In the time period of (0, 0.4, 0.4,
0.6, 0.6, 0.9, 0.9, 1.1, 1.5) S irradiation change of (200, 400, 200, 200, 1000, 1000, 200, 200, 400, 200) W/m2

is applied and this pattern comprises of a gradual positive increase in G of 0.2 to 0.4 kW/m2 and a gradual
negative decrease in G of 1.1 to 1.5 S is allowed, then a dynamic change in G from 0.4 to 0.2 kW/m2 at 0.4 S
and 1 to 0.2 kW/m2 at 0.9 S in negative side, 0.2 to 1 kW/m2 at 0.6 S and 0.2 to 0.4 kW/m2 at 1.1 S. Similarly

Figure 10: (a) V-I curve of PV module with different irradiation at 25°C (b) V-P curve of PV module with
different irradiation at 25°C
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to emulate static behavior of G from 0.4 to 0.6 S, 0.6 to 0.9 S and 0.9 to 1.1 S time period the G of 0.2, 1 and
0.2 kW/m2 is kept as constant.

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.5
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Figure 11: Solar irradiations with different patterns

Figure 12: (a) Duty cycle variations corresponding to the input patterns (b) PV power variations
corresponding to the input patterns
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4.1 Case (a): Dynamic Conditions in Irradiation

It is very apparent, in dynamic climatic change conditions at time periods (0.4, 0.6 and 0.9 S) without
hybrid controller the P&O suffers to track rapid or fast changing conditions, it takes a great extent of time and
is revealed in PV-voltage as shown in Fig. 13a and PV-current is shown in Fig. 13b variations and thus
reflected in PV-power as shown in Fig. 12b and duty cycle too.

Whereas, when the system make use of proposed ANFIS adopted P&O hybrid-controller in dynamic
change, fast recovery is achieved. This is unambiguous from the plots of duty-ratio, PV-power, PV-
voltage, PV-current curves. Comparatively, P&O takes less time in small dynamic change (0.4, 1, 1 S)
and more time in high dynamic change which is at 0.9 S. But both cases the hybrid controller recovers
rapidly.

4.2 Case (b): Static Conditions in Irradiation

When the change in perturbation is kept low, the accuracy is more in the output quantities and so P&O is
capable to track these conditions. In this case, during (0.4–0.6, 0.6–0.9 and 0.9–1.1) S static irradiation

Figure 13: (a) PV voltage variations corresponding to the input patterns (b) PV current variations
corresponding to the input patterns
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condition engaged. Conventional P&O with less perturbation tracks well and so is hybrid controller is shown
in this study and is confirmed by electrical characteristics of all the necessary plots that are depicted above. At
stating 0 S, due to the PV system behavior it takes some time but later it tracks perfectly.

5 Efficiency

The tracking efficiency of the ANFIS and P&O based techniques can be found by the below formula and
which is tabulated in Tab. 7,

g ¼
R t2
t1
PMPP dtR t2

t1
Pideal MPP dt

:

5.1 Constant and Dynamic Weather Condition

The proposed ANFIS-based MPPT method has a tracking efficiency of 98.87%. On the other hand, the
P&O MPPT method at step size 0.01 and 0.015 has a tracking efficiency of 97.34% and 92.71%. The
tracking efficiency is higher in both cases.

5.2 Weather Condition

The proposed method under dynamic weather conditions has a tracking efficiency of 98.34% and is
higher than the tracking efficiency of the P&O MPPT at both step sizes, the P&O MPPT method at step
size 0.01 and 0.015 has a tracking efficiency of 96.93% and 93.89%.

6 Conclusions

A novel hybrid-controller is proposed and examined for sudden change over or dynamic climatic
conditions. The output of the PV system is displayed with MATLAB/SIMULINK software environment.
The hasty recovery at quick varying conditions, in all the aspects like duty cycle, power, current and
voltage are achieved by the proposed hybrid controller. Despite changing solar irradiance and
temperature, the ANFIS-based MPPT method was able to monitor the new maximum power point. For
two instances, it has a faster response and no oscillation around maximum power points as compared to
P&O dependent MPPT. The findings were obtained using the ANFIS and P&O methods; the ANFIS
method outperforms the P&O method in terms of efficiency and robustness. The ANFIS-based MPPT
effectively extracts maximum available power from solar PV modules, enhances response time, and
reduces oscillations around maximum power points, according to the findings. It is very difficult to get
necessary data pairs ‘delta-P’ for training ANFIS for all necessary conditions. Practically it would take

Table 7: Efficiency of ANFIS & P&O based MPPT techniques

Parameters
techniques

Ideal power (KW) Panel power (KW) Overall
efficiency

System efficiency

Max
value

Mean
value

RMS
value

Max
value

Mean
value

RMS
value

Max
value

Mean
value

Max
value

Mean
value

ANFIS 0.8501 0.8001 0.7599 0.8211 0.7531 0.7211 93.45 86.23 96.53 88.59

P&O 0.8040 0.7104 0.7318 0.8145 0.6765 0.6986 99.13 96.58 98.6 92.87

PSO 0.7015 0.6021 0.5921 0.7981 0.5952 0.5321 93.45 86.23 90.16 84.23

CS 0.7005 0.5911 0.5056 0.7155 0.5523 0.5412 93.89 83.45 91.23 86.59
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more data pairs, more time and is much more complex but in dynamic conditions it is achievable and thus
works well with P&O. The P&O monitors the new MPP in 0.05 s with a tracking performance of
98.42 percent when solar irradiance changes abruptly (at 1 s). Due to the ease of implementation, P&O is
unavoidable in other climatic conditions such as gradual and static and is executed in this study.
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